The feasibility of the determination of local atomic structure was tested by computing Ge X-ray fluorescence hologram patterns of a Ge film 3 atomic layers thick on a Si substrate. An atomic image obtained from a single-energy hologram pattern exhibits many small oscillations and a precise atomic image is difficult to evaluate. By summing plural images reconstructed from holograms obtained at several different energies, the final atomic image is improved due to the disappearance of the oscillations. The full-width at half-maximum of peaks of the atomic image reconstructed from six holograms calculated at 27.0-29.5 keV with 0.5 keV steps is 0.03 nm. This clearly demonstrates that the XFH method has strong potential as an experimental tool for evaluating the local atomic structure.
Introduction
X-ray fluorescence holography (XFH) is a new technique for recording both the amplitude and phase of X-ray waves scattered by atoms. Some of the fluorescent X-rays induced by a primary X-ray beam are scattered by atoms in a solid. They interfere with nonscattered fluorescence and generate a hologram pattern. This hologram directly provides a threedimensional atomic image around the atoms emitting the fluorescence. Two XFH methods are proposed, i.e., the normal and inverse XFH methods. In the normal XFH method, the reference beam comprises the fluorescence emitted from atoms and the object beam comprises the fluorescence scattered by neighboring atoms. The inverse XFH method is based on the idea of the optical reciprocity of the normal method. Namely, by exchanging the positions of the detector and the X-ray source, a hologram pattern can be obtained with the same experimental setup as that in the normal method.
Since Tegze and Faigel first demonstrated the XFH method in 1996, 1) many experimental results have been reported for single crystals with simple atomic structures. [2] [3] [4] Recently, Hayashi et al. succeeded in imaging the local environment around dopant atoms by the inverse method. 5) This is one of the important applications of the XFH method. Now, as another potential use of this method, we propose the evaluation of local lattice distortion around a specific atom. In the present state, however, the experimental accuracy of the XFH method is not sufficient to discuss the atomic position. This is mainly due to the measurement technique of weak hologram patterns. Thus, we are making a great effort to improve the XFH detection technique. 6) In the present paper, we propose a method of improving atomic images reconstructed by the XFH method, using a computer simulation, and discuss the feasibility of evaluating the local atomic structure. * Graduate Student, Tohoku University.
Calculation Method
In the first trial, a simple thin film model was selected. A Ge film of three atomic layers (3MLs-Ge) epitaxially grown on a Si(001) substrate is assumed for the calculation of Ge hologram patterns. This model is schematically explained in Fig. 1 . The Si substrate is assumed to be a cylinder of 10 nm diameter and 10 nm thickness, containing 38322 atoms. The Ge layers are also assumed to be in the form of a discoidal film 10 nm in diameter and three atomic layers thick, containing 1599 atoms. For simplicity, we also assume that lattice distortion of all three Ge layers is the same. It is also assumed that the in-plane lattice spacing of Ge is identical to that of the Si substrate, that is, the lattice spacing is reduced 3.9% in-plane and elongated 1.9% along the surface normal to the pressure at a constant crystalline volume. An emission site of Ge fluorescence is placed at the center in the Ge layers. The inverse XFH hologram of Ge in this model is calculated by the single-scattering cluster model, 7) i.e.,
where r e is the classical electron radius, k n the wave number of incident X-rays, a j the distance between an emitter and
the scattering factor, and ε the polarization factor. The atomic environment surrounding each emission site is reconstructed using a numerical algorithm derived from the Helmholtz-Kirchhoff theorem. 8 )
Here U(r), is the reconstructed intensity at r, θ the polar angle defined as a take-off angle relative to Si[001], and φ the azimuthal angle. Figure 2 (a) schematically shows the angular range of a calculated hologram. The φ rotation axis was chosen parallel to Si [001] . All holographic intensities were calculated on 1
Results and Discussion

Hologram pattern
• × 1
• grids within the range of −90
• . Since fluorescence penetrating through the substrate is very weak and is severely absorbed by the sample at a low scattering angle θ , the θ range is limited to 20
• ≤ θ ≤ 90
• , as is shown in Fig. 2 (a). • . Sharp lines in this image are X-ray standing wave (XSW) lines due to ordinary Bragg reflections. The area of broad and weak contrast is a hologram.
Effect on multi-energy and high energy
Figures 3(a) and (b) show atomic images of (001) and (400) planes reconstructed from the hologram pattern in Fig. 2(b) , respectively. The solid circles are scattering sites, and the dotted square is an emission site in the model. Since the atomic image on the (001) plane exhibits fine ripples, the atomic position is difficult to determine in this image. Thus, an image is calculated by the multi-energy method, which is known to be effective in improving atomic images. Hologram patterns were calculated at six different energies from 18.0 to 20.5 keV with 0.5 keV steps, and atomic images were reconstructed from them. The final image was obtained by summing these six images, as shown in Figs. 3(c) and (d). All atomic images on the (001) plane are much clearer than those in Fig. 3(a) . Similarly, the reconstructed image of the (400) plane is improved. A spatial resolution of an atomic site is quantitatively evaluated. Figure 4 shows the reconstructed intensities of the 1/2 1/2 0 atom at 18.0, 18.5, 19.0, 19.5, 20.0, and 20.5 keV parallel to the [110] axis, and the sum of these reconstructed intensities. The reconstructed peak profiles vary with the incident energies. Namely, the atomic image is closely related to the incident energy. According to Len et al., 9) the amplitude at r = a produced by a pair of identical atoms at r = ±a on the x-y plane is a superposition of the real image of the atom at a and the twin image of the atom at −a. The condition of cancellation of the atomic images by the center symmetrical atom is expressed by
where m is a nonzero integer. When this condition is satisfied, the pair of atomic images at ±a is not reconstructed. The reconstructed image of the 1/2 1/2 0 atom at 18.5 and 20.0 keV nearly satisfies the cancellation condition for m = 11 and 12, respectively. This is called "real-twin image cancella- tion". Slight shifts of the peaks at 18.0, 19.0, and 20.5 keV are observed. This is due to an imperfectly cancelled twin image and/or the influence of holographic patterns created by the others except for 1/2 1/2 0. By summing reconstructed images for six different energies, the intensities of the real atomic images increase, since the sum of the reconstructed wave amplitudes, including their phases, suppresses the artifacts and the twin images. The influence of the energy range selected for the calculation of six holograms on reconstructed images of the 1/2 1/2 0 atom was investigated. Each atomic image was obtained from the six holograms calculated at the energies of E = E 0 , E 0 + ∆E, E 0 + 2∆E, E 0 + 3∆E, E 0 + 4∆E, and E 0 + 5∆E, where E 0 is a given value of the X-ray energy above the Ge K absorption edge and ∆E is 0.5 keV. Figure 5 shows the variation of the atomic images of 1/2 1/2 0 in different energy regions. The difference between the simulated peak position and that given in the model decreases with increasing incident energy. At the same time, the peak width decreases. The FWHM of the atomic image at 27.0-29.5 keV is 0.029 nm and the error of the simulated atomic position of 1/2 1/2 0 is of the order of 0.001 nm.
3.3 Angular range dependence on spatial resolution of atoms The hologram discussed above is assumed to be of the full 4π sphere around the sample. Experimental holograms, how- ever, are usually restricted to a part of the hemisphere above the sample surface, as is mentioned for Fig. 2(b) . We investigated this effect. respectively. This broadening prevents accurate determination of the atomic position along the depth of the film. This broadening problem is solved by increasing the Q-range. One positive solution is to detect fluorescent X-rays excited by the incident beams passing through the substrate. This enlarges the angular range of the experimental hologram close to that of the full 4π sphere. Consequently, it will provide us with the three-dimensional atomic positions around a specific atom in a thin film. 
Summary
The feasibility of the XFH method for the determination of the local atomic structure around a specific element in a thin film was studied by computer simulation using the model of 3MLs-Ge on a Si substrate. By summing the reconstructed images obtained at plural X-ray energies, the atomic images are improved. This enables us to obtain a clearer atomic image. The FWHMs of the atomic image of 1/2 1/2 0 and 1/4 1/4 1/4 parallel to the (001) plane in the high-energy region of 27.0 to 29.5 keV was about 0.03 nm. When the present experimental angular ranges of 20
• and 0
• ≤ φ ≤ 360
• are applied, an almost identical atomic image is obtained parallel to the film surface, however, the image along the depth is severally distorted. This problem will be solved by using a new technique for detecting fluorescent X-rays at the front side at which an incident beam irradiated from the back of the sample exits. Consequently, even in the present XFH method, the atomic positions of the plane parallel to the film surface, with their FWHM of 0.03 nm, are determined within ±0.004 nm. In the near future, the threedimensional atomic position around a specific atom in thin films will be determined by the XFH method and we will be able to discuss the local atomic structure. 
